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We report the phase coherent splitting of Bose-Einstein condensates by means of a phase grating 
produced near the surface of a micro- electronic chip. A lattice potential with a period of 4/mi is gen- 
erated by the superposition of static and oscillating magnetic fields. Precise control of the diffraction 
is achieved by controlling the currents in the integrated conductors. The interference of overlapping 
diffraction orders is observed after 8ms of propagation in a harmonic trap and subsequent ballistic 
expansion of the atomic ensemble. By analyzing the interference pattern we show a reproducible 
phase relation between the diffraction orders with an uncertainty limited by the resolution of the 
diffraction grating. 
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Atom optics and matter wave interferometry have 
made enormous progress during the last years. Nu- 
merous experiments have been performed with Bose- 
Einstein condensates serving as phase coherent sources 
of atomic matter waves As a part of these, diffrac- 
tion from standing and moving optical lattice potentials 
has been demonstrated to preserve the condensate's co- 
herence properties and is now established as a versatile 
tool for coherent manipulation 0, 0, 0, & S 0] • The im- 
plementation of similar diffraction scenarios on atomic 
micro chips is thus one of the most intriguing challenges 
of integrated atom optics. It holds great promise for 
transportable, high precision inertial force and gravity 
sensors and for building complex atom optical cir- 
cuits, e.g. quantum registers for information processing 
Although Bose-Einstein condensates are routinely 
loaded into magnetic micro traps [9], it is technically de- 
manding to integrate atom optical elements on a chip 
that allows for coherent manipulation of matter waves. 
Recently, diffraction from optical [10] and magnetic lat- 
tices [11], as well as dynamical splitting of condensates 
in double well potentials [H, fli. Tuj 
on micro chips. 



have been studied 



In this Letter, we demonstrate phase coherent splitting 
of Bose-Einstein condensates by means of diffraction on 
an integrated magnetic grating and realize a novel inter- 
ferometric scheme. The magnetic grating is generated 
near the surface of micro fabricated current conductors 
(FigJTJ). We use static and oscillating magnetic fields for 
shaping and controlling the grating potential. Thereby, 
sensitive control of the populations of diffraction orders 
is achieved. Due to the relatively large lattice constant of 
4/im and a correspondingly small recoil momentum, the 
diffraction orders of a condensate remain spatially over- 
lapped during ballistic expansion. We observe their mat- 
ter wave interference with a highly reproducible spatial 
fringe position. This provides experimental proof that 
diffraction from the magnetic grating preserves phase re- 




FIG. 1: (a) A condensate is scattered on an integrated mag- 
netic grating by a controlled center of mass oscillation inside 
the magnetic trap, (b) Static magnetic grating: Lattice po- 
tential generated by static magnetic fields of parallel chip con- 
ductors carrying opposite currents and the field of the mag- 
netic trap. Steep potential wells and hills alternate next to 
neighboring conductors, (c) Radio frequency controlled mag- 
netic grating: Superposition of an oscillating magnetic field 
parallel to the lattice conductors generates adiabatic poten- 
tials at the chip surface. The plot reveals wells with limited 
depth and repulsive potential walls next to each conductor. 



lation between the diffraction orders of a Bose-Einstein 
condensate. Magnetic gratings as described in this arti- 
cle will be important for phase coherent manipulation of 
matter waves in integrated atom optical circuits and for 
the realization of compact atom interferometers. In addi- 
tion, microfabricted gratings extend the range of lattice 
constants accessible with optical standing wave fields Q . 
In particular, the size and the structure of the unit cell 
can be defined by the geometry of chip conductors. 

The experiment is illustrated in FigOJi. An elongated 
Bose-Einstein condensates of about 1.2 x 10 5 87 Rb atoms 
in the F = 2, mp = 2 hyperfine ground state is pre- 
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FIG. 2: (Color online) (a) Absorption images of diffracted 
condensates taken after 8ms propagation in the magnetic trap 
followed by 20ms of ballistic expansion. Diffraction is ob- 
served as a broadening of the cloud and by the emergence of 
interference fringes. The fringe contrast is limited by the opti- 
cal resolution of our imaging system, (b) Vertically integrated 
absorption profiles of the condensate (dots). The data is fit- 
ted by the incoherent sum of diffraction orders to obtain S 
(red line). Illustrated is also the position and the population 
of individual diffraction orders (solid lines) and the thermal 
background (dashed line). Details of the line density profiles 
are explained by fitting the data with a coherent superposi- 
tion of the diffraction orders (blue line). 



pared in a magnetic micro trap which is placed 30/im 
below the magnetic grating [l5[. The trap is charac- 
terized by the axial and radial oscillation frequencies 
of (uj a ,uo r ) = 2tt x (16, 76)s _1 , and the offset field of 
B z = 0.87G in the trap center. Diffraction of the con- 
densate is initiated by suddenly reducing the trap-surface 
separation by a controlled displacement. The condensate 
interacts with the lattice at the upper turning point of 
the radial center of mass oscillation inside the trap (y- 
direction) followed by a swing back towards the trap cen- 
ter. The trap is turned off 12ms after the displacement 
and the condensate is detected after 20ms of ballistic ex- 
pansion by absorption imaging. The imaging axis is par- 
allel to the lattice conductors (x-direction). Diffraction 
is observed as a broadening of the cloud. Additionally, 
the emergence of interference fringes is observed (Fig|2]). 

The magnetic lattice potential is generated by a set 
of parallel current conductors on the chip surface. The 
1/im wide gold conductors are micro fabricated on a sili- 
con substrate with a separation of 1/im between nearest 
neighbors [15]. Adjacent conductors carry constant cur- 
rents of opposite sign: ±0.2mA. The magnetic field of 
this wire configuration is superposed onto the trapping 
field including the offset field along z. The resulting mag- 
netic field modulus has a periodicity of 4/im along z and 
the modulation amplitude decreases exponentially from 
the chip surface on the length scale of the lattice con- 
stant. Steep potential wells and hills emerge close to the 
lattice wires (FigJTJ)). 



Diffraction on such a magnetic lattice potential [ll| is 
associated with a significant loss of atoms (Fig|3]). The 
dominant loss mechanism is due to the steep magnetic 
field gradients inside the potential wells of the lattice 
(FigQJ)). Atoms entering the wells are lost due to Majo- 
rana spin flips which result from the sudden break down 
of the adiabatic condition along the atom's trajectory 
pH ]. Majorana loss may be tolerable if the experiment 
relies on a single diffraction pulse. Numerous inter fero- 
metric schemes, however, require sequences of diffraction 
pulses d, @, and the loss of atoms represents a limita- 
tion. 

We eliminate losses by introducing radio frequency (rf) 
controlled adiabatic potentials [l3|, Q~7| to "plug" the Ma- 
jorana hole and observe enhanced reflectivity on the mag- 
netic lattice. An oscillating magnetic field of lOmG am- 
plitude is superposed to the static field of the lattice. The 
polarization is parallel to the lattice conductors and the 
frequency of 585kHz is below the Larmor frequency of 
610kHz corresponding to the offset field B z in the trap 
center. The resulting adiabatic lattice potential features 
wells of limited depth and the initially steep, attractive 
potential slopes are converted into repulsive potential 
walls (FigHt). We characterize the reduction of Majo- 
rana losses by detecting the total number of atoms re- 
flected from the grating. The data is plotted against the 
phase modulation index S (Fig|3]). S characterizes the 
population of the different diffraction orders as described 
below; e.g. for S « 1.44, the 0th and ±lst diffraction 
orders have about the same population. The popula- 
tion of diffraction orders is varied by the displacement of 
the trap. The rf field is activated simultaneously to the 
displacement and is deactivated prior to turning off the 
magnetic trap for ballistic expansion. The rf controlled 
magnetic grating displays high reflectivity compared to 
its static counterpart. From this result we deduce that 
the motion of atoms is adiabatic in the rf controlled lat- 
tice potential. The high reflectivity diffraction grating 
allows phase coherent manipulation of Bose-Einstein con- 
densates and the realization of a matter wave interferom- 
eter on a chip. The observation of a deterministic phase 
relation between diffraction orders of the condensate is 
the central result of this Letter. 

The interaction of the condensate with the magnetic 
grating is described by the model of matter wave diffrac- 
tion in the Raman-Nath regime [18[. In particular, we 
assume a short interaction with a one-dimensional grat- 
ing. This way the action of the grating is reduced to a 
phase modulation of the condensate wavefunction: 

*(*) = VM?)exp(-i J u{z,t)dtj (1) 
= v / 'po(z) ex P (—iS cos (kz + </>)). (2) 

Here, po is the condensate's density, U(z,t) = u(t) • 
cos (kz + (j)) is the lattice potential, and the wave vector 
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FIG. 3: Reflectivity of the static (squares) and the radio fre- 
quency controlled (triangles) magnetic grating. The data is 
plotted against the phase modulation index S. The error bars 
result from averaging 3-10 individual measurements (standard 
deviation). S is fitted with an accuracy of about 0.1. 
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FIG. 4: Control of diffraction by means of the oscillating mag- 
netic field. The diffraction is initiated by a displacement d of 
the trap center towards the grating, (a) At constant ampli- 
tude of lOmG the frequency is used to control the diffraction. 
d = 14/xm. (b) At constant frequency of 585kHz the ampli- 
tude is used to control the diffraction, d = 14.5/xm. 



k = 2ir/a is given by the lattice constant a. <p character- 
izes a shift of the lattice position with respect to the cen- 
ter of the condensate. The amplitude u(t) accounts for 
the varying modulation depth during reflection as seen 
by the atom along its trajectory. The accumulated phase 
can be summarized using the phase modulation index S. 

The validity of this approximation is verified by numer- 
ical solution of the three-dimensional Gross-Pitaevskii 
equation [19]. It has been shown that the Raman- 
Nath approximation holds for E r r <C h/S, where E r = 
(hk) 2 /2m is the recoil energy and r the effective inter- 



action time with the lattice [181 ]. With r < 0.2ms this 
condition is well satisfied in our experiment. 

The wavefunction (Eqj2|) can be expanded into mo- 
mentum eigenfunctions of the axial motion: 



9(z) = Vpo(z) 



oo 

E 



<4>-*mj n (S)e inkz . (3) 



Here, J n are Bessel functions of first kind and n is an 
integer. The total wavefunction iff = ^2 \I/ n is therefore a 
superposition of the discrete momentum eigenfunctions 
\I/ n , describing the wavefunction of the n th diffraction 
order. The probability for an atom to be diffracted into 
the n th order is proportional to | J n (S)\ 2 , and the relative 
phase between neighboring orders is (0 — tt/2). 

By exploiting the dependence of S on the potential 
modulation (Eq{U and [2|) we control the population of 
the diffraction orders with the radio frequency field. The 
frequency and the amplitude of the oscillating field de- 
termines the coupling between internal atomic states and 
with it the depth and shape of the potential wells. Radio 
frequency control of diffraction (FigHJ) may be particu- 
lary convenient for integrated atom-optical devices when 
sequences of diffraction pulses are required. The phase 
modulation index can be electronically changed while the 
condensate performs a constant center of mass oscillation 
in the trap and interacts with the grating in subsequent 
oscillation periods. 



The experimental results are derived from absorption 
images as illustrated in Fig|2j For the analysis, the im- 
ages are summed up along the y-coordinate, perpendicu- 
lar to the course of diffraction. The resulting line density 
profile is fitted first by the incoherent superposition of 
the diffraction orders, pi nC oh = X^l^nl 2 ? to obtain the 
phase modulation index S. Here, we assume that, at 
the time of absorption imaging, the centers of neigh- 
boring diffraction orders are separated by a distance of 
Az = j Hk(t)/mdt « 24/mi due to 8ms propagation in 
the trap followed by 20ms ballistic expansion [20]. The 
repulsive atomic mean-field interaction is included by as- 
suming the usual ballistic expansion of condensates [2lj . 
Thermal atoms are taken into account by a Gaussian con- 
tribution to the line density profile. The incoherent sum 
of diffraction orders fits well to the overall cloud envelope 
but it does not explain further details of the cloud. 

Unlike diffraction from standard optical lattice poten- 
tials the recoil ener Sy E r = (hk) 2 /2m 
transferred by the 4/im lattice is smaller than the chem- 
ical potential of the condensate. The diffraction orders 
do not separate entirely during ballistic expansion and 
the spatial distribution of the condensate is given by 
the coherent superposition of the diffraction orders [22[: 
Pcoh = E^n| 2 - We observe high contrast interference 
fringes of overlapping diffraction orders for phase modu- 
lation indices between 1.1 — 1.6 (Fig|2j). The fringes are 
dominated by the interference of the 0th and ±ls£ orders 
with populations that are comparable in this range. 

The phase of the individual diffraction orders after bal- 
listic expansion results from evaluating the action inte- 
gral [lij]. It contains various contributions: the parabolic 
phase profile characterized by a curvature a [21], the cen- 
ter of mass momentum of the diffraction order given by k 
[H, and phase contributions </>t ra p and to f accumulated 
during propagation in the trap and during time of flight. 
Interference of overlapping diffraction orders results from 
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FIG. 5: Interference of overlapping diffraction orders. High 
contrast interference fringes are observed for S = 1.1 — 1.6. (a) 
Line density modulation of the cloud (dots) for S=1.2. The 
solid line is the fit by the coherent superposition of the diffrac- 
tion orders, (b) The phase cj) is derived from the fit of the 
center part of the line density modulation. Each data point 
is a single measurement, the error bars indicate the standard 
deviation of each fit. The average phase spread is ty/8. 



the coherent superposition of the wavefunctions 



tf n (z) = y/p(z-nAz)J n {S) 



(4) 



^ e i[a(z-nAz) 2 +n((f)-7r/2)+nk(z-nAz)+cf) tvSip , n +(f)toi,ri] 

We restrict our analysis to the reproducibility of the 
interference fringes for different realizations of the ex- 
periment. A reproducible spatial density distribution of 
atoms is a direct signature of phase coherent splitting 
and manipulation of the condensate [l2|, [23[ . The repro- 
ducibility of the interference fringes relies on the repro- 
ducibility of the spatial position of the condensate rel- 
ative to the lattice. A variation of the position would 
show up as a variation of <p. Other phase contributions 
are set by the experimental conditions and do not change 
between successive realizations of the experiment. By 
fitting the data with the coherent superposition of the 
diffraction orders varying only the single parameter 0, 
we find that the relative phase of the diffraction orders 
is deterministic with an uncertainty of tt/S on average 
(standard deviation). A typical interference pattern is 
illustrated in (FigJSfci). It shows the line density modula- 
tion of the cloud: p co h — Pincoh- The phase </>, derived from 
the central part of the interference pattern, is plotted in 
Fig|5)3. Taking into account the condensate's axial size of 
(~ 50/im) and the number of "illuminated" lattice sites 
(~ 12) the observed phase spread is "diffraction limited", 
i.e. given by the resolution of the lattice Ak/k = 1/n. 



This uncertainty due to the finite size of the condensate 
could be further reduced by expanding the axial size of 
the cloud. 

From the highly reproducible interference fringes we 
conclude that splitting of condensates with an integrated 
magnetic grating is phase coherent. In addition, we have 
proven that the experimental parameters can be con- 
trolled with an accuracy sufficient for the construction 
of integrated matter wave interferometers. In contrast to 
other schemes, the interferometer presented here requires 
a single diffraction event only. The interferometric path 
is closed by the ballistic expansion due to mean-field re- 
pulsion of the condensate atoms. For above experimental 
conditions, the resolution of a force detector is on the or- 
der of 10 _4 g. The simultaneous interference of more than 
two diffraction orders allows not only for the detection of 
forces but also force gradients, and even higher spatial 
derivatives of external forces. 
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